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The Fall-99 MRS meeting opened in Boston following the traditional Thanksgiving Weekend holiday. But, for 
those really dedicated to the subject matter, the meeting started on the Sunday with a popular tutorial on lll- 
nitrides (with more that 100 in attendance), given by Shur and Schowalter from Rensselaer Polytechnic 
Institute. These attendees were provided with a comprehensive and entertaining dialogue on Ill-nitride mate- 
rials, with enough background information to propel them into the forefront of wide-bandgap development 
m technology early in the new millennium. 
A s the understanding of III-V nitride technology expands, improvements in such areas 
as substrate quality, larger gallium 
nitride wafers and process technol- 
ogy are allowing continued im- 
provements in device design and 
characteristics, and a better under- 
standing of the band structure, and 
the large electric, piezo-electric and 
pyroelectric fields present in galli- 
um nitride based devices. 
Supported by the proliferation 
of lateral epitaxy overgrowth (LEO) 
related papers at this 1999 meeting, 
it is obvious that LEO has rapidly be- 
come a widely accepted technique 
for the reduction of gallium nitride 
substrate defect levels - it has al- 
ready reduced defects by several or- 
ders of magnitude and enabled the 
manufacture of some commercial 
optoelectronic devices. 
Laser diodes 
Symposium-W opened the follow- 
ing day with news on the latest 
laser developments from Nichia 
Chemical Industries. In his invited 
paper, Shuji Nakamura presented 
‘stop the press’ news on their lat- 
est semiconductor laser diode, de- 
veloped only a couple of months 
ago. This violet laser (emitting at 
405 nm) was produced on lateral- 
ly epitaxially overgrown (see be- 
low) gallium nitride layers on 
sapphire substrates and uses 
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cleaved mirror facets. Stable trans- 
verse output modes were 
achieved for these lasers for con- 
tinuous wave (CW) output pow- 
ers as high as 40 milliwatts at 
room temperature with a wave- 
length drift estimated to be 0.06 nm 
per degree Kelvin. 
The active device structure is a 
multi-quantum-well iridium gallium 
nitride layer using AlGaN/GaN het- 
erostructure confmement regions. 
The emitting InGaN layers, unlike 
those in similar light emitting 
diodes, do not have any dark areas 
present. At this time CW operation 
is possible in the 380 to 450 run 
wavelength range, but green ni- 
tride-based laser diodes have been 
difficult to make because their 
threshold currents are very high. 
Overall initial yields for the violet 
laser are not good and are pre- 
sumed to be due to the poor cleav- 
age properties of the materials 
system. More than one failure 
mechanism is believed to exist for 
these lasers, and pit densities have 
been observed to increase during 
laser operation. 
Lifetimes obtained for 5 mW 
CW operation now exceed 2000 
hours at 50°C ambient tempera- 
tures. At a 30 mW output power 
level, the actual lifetimes are now 
in excess of 1500 hours at 60°C 
and are expected to achieve at 
least a 3000 hour operational life. 
p-GalnN/GaN guide 
GalnN/GaN MQW active 
n-GalnN/GaN guide layer 
, n-electrode 
Figure 1. InGaNIGaN multi-quantum-well laser diode. 
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Figure 2. Inner loss for diodes. 
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The latter lifetimes and higher 
power levels are rapidly ap- 
proaching the commercial accept- 
ability goal for digital video disc 
(DVD) applications, namely 30 mW 
continuous wave at 10,000 hours. 
In the second invited paper, 
Yuta Tezen from Toyoda Gosei de- 
scribed their recent improvements 
in CW blue laser diode operation. 
In this work, multiple low-tempera- 
ture buffer layers were used for the 
frost time to form lower defect lev- 
el substrates together with p- and 
n-InGaN/GaN optical confinement 
layers, rather than gallium nitride. 
These MOCVD-grown wave-guide 
layers lowered the threshold cur- 
rent by almost 50% for the 410 nm 
CW laser without the use of super- 
lattice structures. A cross-sectional 
diagram is shown in Figure 1. 
Defect levels as low as 5x106, a fac- 
tor of 20 or more below most sin- 
gle-buffer-layer defect counts, were 
obtained using novel two- or three- 
level low-temperature buffer layer 
systems. These defect levels are 
similar to those that can be ob- 
tamed using LEO, thus multi-buffer 
layer technology provides a differ- 
ent method of obtaining lower de- 
fect level substrates. 
Three or four InGaN quantum 
well layers and a two-layer low- 
temperature buffer were deter- 
mined by Toyoda to be their 
preferred growth parameters for 
laser preparation. Mirror facets, 
prepared by argon-chlorine reac- 
tive ion-beam etching, were used 
on the laser cavity and either coat- 
ed or non-coated for the charac- 
teristics being measured. With 
Figure 3. C W operation of MQ W laser 
diode. 
coated mirrors, pulsed operation 
required a 60 mA threshold cur- 
rent, which increased to 140 mA 
for uncoated cavity-facets (see 
Figure 2). CW operation at room 
temperature, using HR-coated mir- 
rors, produced over 3 mW power 
output from an 80 mA operating 
current and about 8 V bias (see 
Figure 3). The high laser output 
power levels of over 40 mW were 
achieved using uncoated mirrors 
under pulsed, room-temperature 
operating conditions. They need- 
ed relatively high drive currents 
(100 to 400 mA) and bias voltages 
of 12 to 18 Volts. They had short 
lifetimes of a few minutes only 
(see Figure 4). 
In work reported by Monica 
Hansen from UC Santa Barbara, a 
lateral epitaxial MOCVD over- 
growth process, using a 5 ,um 
mask and a 15 urn window prior 
to laser formation, was found to re- 
duce substrate dislocation densi- 
ties by about four orders of 
magnitude (lOxlO9 to lOxlO5 per 
cm*). It increased efficiency from 
3 to 22% and also reduced thresh- 
old current densities of the pulsed 
lasers by a factor of two (from 10 
to 4.8 kiloAmps per cm2). Since 
reverse-bias leakage currents were 
also reduce by 3 to 4 orders of 
magnitude in the lower defect re- 
gions, defects are presumed to 
play a significant part in the gener- 
ation of leakage currents. The 
threshold voltage for these lasers 
was stated to be too high to test 
for extended CW operation. 
In other developments from 
UCSB, Mike Craven reported on 
Figure 4. High light output power operation. 
the effect of using AlGaN/GaN su- 
perlattices for waveguide confine- 
ment in multiquantum well lasers. 
The use of superlattices reduces 
stress in the active device area, but 
unfortunately the threshold volt- 
ages increased from 16 to 25 V 
with the increasing number of su- 
perlattice periods. As may be ex- 
pected, the current density also 
increased to 13.2 kA/cm*, up from 
8.4 for a similar bulk confined 
laser. 
Light Emitting Diodes 
Various small-structure nitride 
devices have been reported in the 
past, such as GaN-based pyramids, 
microstructures and microdiscs, 
but all were optically pumped to 
demonstrate light emission. 
However, in the work reported in 
Boston by Hongxing Jiang and 
Jingu Lin’s group from Kansas 
State, electroluminescence from 
gallium nitride microdisc cavity 
LEDs (12 pm diameter) has been 
achieved and characterised. (For 
those interested in the full de- 
tails, the paper, GaN Microdisc 
Light Emitting Diodes from S.X. 
Jin et al, to be published in 
Applied Physics Letters. 
In this work, sapphire substrates 
with 20 nm gallium nitride buffer 
layers were used to grow quantum 
well device layers by low-pressure 
MOCVD (2 ~.trn of silicon-doped 
GaN, 3OA of undoped InGaN with 
10% indium and 0.5 ~_tm of magne- 
sium-doped GaN).After a rapid ther- 
mal anneal at 950°C for 5 seconds 
in nitrogen, this process produced 
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player concentrations of 2x10” 
(mobility 12) and n-layer concentra- 
tions of 1.6~10’~ (mobility 310). 
Photo lithography followed by an 
ICP etch produced an army of 12 
urn diameter micro-disc LEDs at 50 
pm spacings and contacts were 
added by sputter deposition plus an 
anneal (500°C for 4 minutes) in ni- 
trogen of the respective gold/nickel 
and aluminium/titanium ohmic 
contact metals. 
A diagram of these micro-discs 
is provided in Figure 5, together 
with a SEM micrograph of the 
wafer surface in Figure 6, illustrat- 
ing discs and the 8 pm innerdiam- 
eter contact area. Conventional 
broad-area LEDs (240 x 240 pm, 
with 80 x 80 contacts) were made 
from the same wafers for compari- 
son purposes. Since a reliable 
bonding process is not available 
for the micro-LED arrays, a probe 
card was used to supply current 
and to develop the characteristics 
for a large number of devices, all of 
which fell within a 10% range. 
The current/voltage character- 
istics of the LEDs are compared in 
Figure 7, from which it can be 
seen that the current for the mi- 
cro-LED saturates in the 18 mA 
range at about 13 V and is lower 
over most of the operating range, 
but the current densities for the 
‘normal area’ LED (see Figure 8) 
are a factor of five lower the those 
in the micro-LED. However, the 
current-density/voltage curves are 
almost identical when the current 
density of the normal-area LED is 
scaled by a factor of 5 (see Figure 
8), indicating that both LEDs have 
similar IV and emission proper- 
tiesThe enhanced current density 
of the micro-LEDs could be due in 
part to the observation that cur- 
rent spreading is more efficient in 
small-area devices. 
The room-temperature electrolu- 
minescence properties of the LEDs 
are shown in Figure 9.The large LED 
has a peak emission at 408 nm with 
the microLED being blue-shifted to 
402 run, but broad-area LEDs show 
a red-shift in the emission peak at 
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Figure 5. Diagram of a micro-disc. 
Figure 6. SEM photograph of micro-discs. 
higher bias voltages. The respective 
FWHMs are 10 and 15 meV In spite 
of the micro-LED light output being 
measured through the sapphire 
substrate on a non-packaged chip 
and the non-use of LEO and co-dop 
ing technology, these micro-LEDs 
appear to compare quite well with 
Nichia’s normal-area violet LIDS, re- 
spectively 40 PW at 10 mA forward 
current and 90 VW at 20 mA. 
However, probably the most impor- 
tant observation was that the light 
intensities for the micro-LEDs can 
be higher than for the large LED in- 
tensities at less than one tenth the 
drive current. 
These device results and the 
fact that advanced nitride-device 
technologies such as co-doping and 
LEO have yet to be used for these 
micro-emitters (micro-LEDs, micro- 
arrays and micro-lasers) strongly 
suggest that these micro-optoelec- 
tronic devices and their arrays will 
have a place in future LED and LD 
technology. Anticipated benefits of 
microsize LEDs over the ‘normal’ 
edge emitter LEDs include the pro- 
duction of individually controllable 
pixels on a single chip, improved 
quantum efficiencies, high light 
output intensities and reduced las- 
ing thresholds for lasers. However, 
matrY technological challenges 
relating to bonding, contacting, 
packaging and substrate materials 
remain to be solved before 
m Report 
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IV-characteristics commercial micro-sized products 
0 become available. 
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The time appears to be getting 
closer as to when gallium nitride 
epitaxy, as opposed to other III-V 
materials systems, will allow light 
emitting devices to be made on sil- 
icon substrates. In a paper given by 
J. Heikenfeld from the University of 
Cincinnati, gallium nitride layers 
containing rare-earth dopants (as 
the emitters) were used to form 
visible light emitting LEDs. Erbium- 
doped gallium nitride devices 
were grown by molecular beam 
epitaxy on n-plus silicon substrates 
to form non-injection type LEDs 
with indium tin oxide contact lay- 
ers.Turn-on voltages as low as 6 V 
were obtained for 300 nm gallium 
nitride films with green emission 
from the erbiumdoped and blue 
emission from thuliumdoped de- 
vices. A 2.5 V swing, compatible 
with some silicon device technolo- 
gies, is needed to turn these LEDs 
on and off. 
Detector technology 
leads to UV camera 
Jack Brown from NCSU reported 
on the preparation of novel nitride- 
based UV detectors that can be 
used to make high-sensitivity, visi- 
ble-blind photodetectors and de- 
tector arrays. These devices were 
made by MOVPE on sapphire sub- 
strates using a low-temperature 
aluminium nitride buffer. The ac- 
tive layers were 1.5 urn of silicon- 
doped AlGaN (20% Al), a 0.2 ym 
layer of undoped gallium nitride 
and capped with 0.5 un-r of magne- 
sium-doped galllum nitride. Square 
mesas (4xlO*cm*) were made by 
reactive ion etching, followed by 
Ti/Al and Ni/Au metallisation for 
the respective n- and p-contacts. 
Illumination (200 to 500 run) 
through the sapphire substrate at 
room temperature produced a 
response in the 320 to 365 run 
wavelength range. A maximum re- 
sponse was observed at 356 nm, 
corresponding to a peak responsiv- 
ity of 0.21 A/W and an internal 
MRSRqbort 
quantum efficiency of 82%. The 
spectral responsivity @*) for this 
detector was stated to be the high- 
est ever recorded for any semicon- 
ductor photodetector at any 
wavelength and it is approaching 
the D* values obtained from UV-en- 
hanced photomultiplier tubes. 
Thinner active layers (2000 to 
4000 A) lowered the wavelength de- 
tectivity to 285 nm. Using this tech- 
nology a 128x128 detector array 
(16,324 pixels) has been made 
which was attached to a silicon mul- 
tiplexer chip with indium bumps. 
This army made possible the assem- 
bly of the first digital UV-specific 
camera with a wavelength range of 
290 to 360 nm. It has response 
times of about 1 ns. Larger-sized ar- 
rays are targeted for future develop 
ment for commercial applications. 
UV-photodetectors were also 
the focus of a cooperative effort 
between French and Japanese re- 
search groups, presented by 
Motoaki Iwaya from Meijo 
University. 
In this work, an aluminium ni- 
tride layer was used as a low-tem- 
perature interlayer between 
gallium nitride on sapphire and 
the active AlGaN films. This 
process produced high-quality 
AlGaN over a wide compositional 
range and threading dislocation 
(TD) densities lower than 1~10~ 
per cm2 (claimed to be the lowest 
TDs ever reported for AlGaN). 
Using these films, undoped high- 
sensitivity W-detectors were 
made that were active in the 254 
to 280 nm wavelength range and 
were visible blind, being insensi- 
tive to wavelengths longer than 
280 nm. The detectors achieved 
dark currents below 100 fA at 10 
V bias, allowing photocurrent/ 
dark-current ratios to be greater 
than unity even with illumination 
intensities as low as 40 nW/cm2. 
Depending on the alloy composi- 
tion, rejection ratios of three or- 
ders of magnitude above and 
below the band edge were ob- 
tained over the 200 to 360 nm 
wavelength range. 
Lateral epitaxy 
Since large-area bulk gallium ni- 
tride substrates are still a product 
of the future, alternative methods 
to make low-defect-level group III- 
nitride substrates have been 
sought in many laboratories. 
Normally, epitaxial layers grow per- 
pendicular to the growing surface, 
but quite recently, lateral epitaxial 
growth (LEO) processes have be- 
come widely accepted and they 
are being evaluated worldwide for 
the production of low-defect-level 
substrates. In many laboratories, 
LEO wafers have become the sub- 
strate of choice for device develop- 
ment and the type of substrate 
used by Nichia to manufacture 
their blue commercially-available 
semiconductor diode lasers. 
In the LEO process a substrate 
such as MOCVD-grown galhum ni- 
tride on sapphire is coated with a 
thin masking layer, usually a few 
hundred Angstroms of silicon diox- 
ide.This mask is then formed into 
oxide stripes and gallium nitride 
windows by photolithographic 
and etching processes; an oxide 
stripe would typically be 5 ym 
wide and the window stripe 15 i.tm 
wide. Gallium nitride (or AlGaN) is 
then regrown by MOCVD. During 
the regrowth, the. nitride grows 
vertically up through the window 
areas and also laterally over the ox- 
ide stripes, with the growing layer 
eventually coalescing into a single 
layer after about 1 unr of growth. 
Since the vertical screw defects 
present in the substrate do not 
propagate in the lateral direction, 
the regions over the oxide stripes 
have defect levels two or three or- 
ders of magnitude lower than 
those of the substrate and the win- 
dow growth regions. 
In other LEO process develop 
ments, Paul Fini from UCSB de- 
scribed how the control of the 
‘wing tilt’ of the growing LEO layers 
affects the quality of the epitaxy 
From SEM,AEM,TEM and X-ray data, 
Paul and his co-workers were able 
to show that very few defects were 
generated by the MOCVD process 
if, as the wings coalesced, the wing 
tilt angle was controlled to about 
0.1” and coalescence was then fol- 
lowed by the growth of an addition- 
al 10 pm of gallium nitride. 
T. Kuan from SUNY at Albany, in 
cooperation with researchers at the 
University of Wisconsin, reported 
that the quality of LEO gallium ni- 
tride substrates grown by hydride 
vapour phase epitaxy was sensitive 
to the growth temperature. High 
temperatures (1lOO’C) gave high 
lateral growth rates, good wing coa- 
lescence and a flat continuous film. 
Lower growth rates, e.g. 105O”C, 
produced high wing tilt angles (up 
to So) and triangular ridges over the 
growth windows. Thermal stress 
from the oxide mask layer and ten- 
sile stress in the seed layer are 
thought to create a shear stress at 
the edge of the oxide mask as high 
as 0.1 GigaPascals, causing exces 
sive dislocation generation and tilt- 
ing of the LEO regions, particularly 
at the lower growth temperatures. 
Kasuma Hiramatsu from Mie 
University, in a joint paper with 
Nagoya University and Sumitomo 
Chemical Co. Ltd., reported on the 
growth of gallium nitride layers over 
tungsten masks using both MOCVD 
and hydride vapour phase epitaxy 
@IVPE) processes. Either growth 
technique showed great promise for 
the development of buried metal 
layers and highquality LEO-gallium 
nitride layers with atomically flat 
surfaces being obtained, but an 
AlGaN under layer is needed prior 
to tungsten deposition, 
The above results show that 
higher device performance and 
longer lifetime devices can now be 
made using the lower-defect-level 
regions of these LEO substrates, 
and even lower defect densities 
from double-LEO processes are be- 
ing evaluated. However, high levels 
of stress are stilI present in the LEO 
epi-layers due to the mismatch in 
coefficients of expansion between 
the substrate and the gallium nitride 
and to other stress generating 
phenomena. The total stress in 
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these structures is estimated to be 
in the GigaPascal range. 
Further evidence of improved 
device characteristics from devices 
grown on LEO substrates was re- 
ported by Koen Jacobs from the 
University of Gent in cooperation 
with Thomas Swan and Co. Ltd*. 
Lower LED leakage currents were 
obtained and light output was 100 
times higher than on non-LEO sub- 
strates. Device comparisons are 
now being developed on pendeo- 
epitaxy substrates, which are al- 
ready showing improved surface 
morphology and crystalline layer 
quality when compared the LEO 
substrates. These authors expect 
further improvements in LED and 
laser electrical properties when 
the devices are produced on pen- 
deo-type substrates. 
Pendeo-epitaxy 
Pendeo-epitaxy (PE), a refinement of 
the lateral epitaxy process, has now 
been reported in several papersThe 
term pendeo is derived from the 
Latin word ptx&re meaning to 
hang or suspend from. In III-V epi- 
taxy it makes use of the lateral 
growth chamcteristics of the LEO 
process, but the pendeoepitaxial lay- 
ers grow out laterally from pillars in- 
stead of vertically Iiom windows in a 
pm-LEO substrate mask. In the PE de- 
velopments reported by Robert 
Davis from NCSU and co-workers at 
Case Western Reserve University, sili- 
con (111) and GH-silicon carbide 
(0001) substrates were used to grow 
gallium nitride epitaxial layers. 
In this PE process, an alumini- 
um nitride buffer layer is grown on 
a hetero-epitaxial substrate such as 
silicon or silicon carbide. MOCVD 
gallium nitride is then deposited, 
followed by a silicon nitride or nick- 
el masking layer. Photolithography, 
to form discs or rectangles, and 
etching convert the gallium nitride 
layer into a ‘forest’ of gallium nitride 
pillars or posts, each capped by the 
mask, as illustrated in Figure 10(a). 
* Now part ofAixtron AG. 
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Figure 70. Pendeo-epitaxy diagram: (a) nitride posts before regrowth, (b) during growth 
process, but before film coalescence. Arrows indicate growth directions. 
The pillared substrate is then sub 
ject to a second MOCVD GaN (or 
an AlGaN) growth process in which 
the new growth is occurring out- 
ward from the upper sides of the 
posts and also covering the remain- 
ing mask layer. Figure 10(b) is a dia- 
In the case of silicon substrates, 
the initial growth of gallium nitride 
forms a low-melting SiGaN interlay- 
gram of the partially grown layer, 
er that converts to silicon carbide 
which on continued growth be- 
during the following nitride growth 
step. The final gallium nitride 
MOCVD growth is now a pendeo- 
comes an epitaxial layer of gallium 
layer suspended away from the sub 
nitride fully coalesced over the 
strate by the posts. Because the 
posts are thin enough to be flexible, 
the expansion related stresses are 
whole 2” diameter substrate. 
not present, thus producing lower- 
defect-level substrates suitable for 
device fabrication. Both (111) sili- 
con and silicon carbide wafers were 
used to grow most of the pendeo 
gallium nitride and AlGaN layers. 
Pendeo-growth was also achieved 
for the fist time on (100) silicon (3” 
off axis) after the surface was con- 
verted to silicon carbide by an eth- 
ylene treatment at 970°C for 1 hour. 
As mentioned earlier, lateral 
epitaxial processes, including dou- 
ble-LEO processes, are now widely 
used to make lower-defect-level 
substrates for III-nitride epitaxy. 
However, double LEO is complicat- 
In comparison, pendeo-epitaxy 
provides similar lowerdefect-level 
ed with nine process steps being 
and lower-stress-level layers, yet it 
required, including three growth, 
requires only three process steps - 
one photolithographic, one growth 
two photolithographic and one 
and one etch - and no alignment. 
Therefore, 
difficult alignment step whilst still 
pendeo-epitaxy may 
hold even greater promise than 
producing relatively high-stress- 
LEO for the preparation of future 
low-defect-level III-nitride 
level epi-layers. 
sub 
strates. Thus, whether it is a pend 
or an L, it is very probable that one 
of these -eos will be in your future. 
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